In a sonogram at each instant Doppler velocities (shift frequencies) related to the selected site are displayed in real time and represent a picture of all the Doppler information present in the reflected ultrasound (fig 2A) . The blackness of the trace at any point in this display is related to the amount of blood flowing at the corresponding velocity. For example sonograms of blood passing through the mitral valve will demonstrate a strong band around the top of the flow pattern and this is associated with the presence of uniformly high 
Ultrasonic technology is in several ways ideally suited to cardiac research and to routine clinical examinations. It provides truly real time images and detailed information on moving anatomical structures and blood. The portable nature and relatively low cost of the equipment makes it well suited to use in hospitals. Ultrasonic technology for cardiology is still developing and in recent years this is occurring on diverse fronts such as transoesophageal transducers, catheter transducers, contrast agents, and Doppler imaging. The aim of this review is to assist the clinical user in keeping abreast of the technological advances.
Transducers
The variety in transducer design gives great flexibility to clinical applications of ultrasound. Below an ultrasonic frequency of 10 MHz, transducers normally have ceramic piezoelectric elements (crystals), above 10 MHz the required thinness of such elements makes them brittle. However, some high frequency ceramic devices are found but in addition piezoelectric plastic elements are available. At present 30 MHz is commonly used in small ultrasonic imaging catheters. Recently transducers having elements made from a composite of ceramic and plastic have been made which operate over a wider range of frequencies than normal for diagnostic devices.1 These wideband transducers can generate shorter pulses and also transmit at one frequency range, say 2 to 4 MHz, and receive on another, say 4 to 8 MHz. It will be seen later that this feature is employed in new harmonic Doppler techniques being used to detect contrast agents.
Real time pulse-echo transducers sweep the beam in a plane to produce a two dimensional scan. There is considerable interest in transducers which can alter the plane-of-scan without moving the whole transducer assembly, particularly for transoesophageal imaging and also for three dimensional imaging both inside and outside the body. In A colour flow image has the same constraints as a sonogram; the images are apt to aliase and are angle dependent-that is, the displayed colour will depend on the angle between the ultrasound beam and the direction of the blood flow. One commercial company has developed a colour flow system which attempts to raise the velocity at which aliasing occurs (Kontron, Switzerland). In this system two distinct transmit frequencies are used. Though there are no published details on the technology, comparison with continuous wave Doppler in flow rigs and in patients suggests that this technique shows promise for the unambiguous display of high velocities."
An alternative method of producing a colour flow image has been described'2 and forms the basis of one commercial scanner (Philips, The Netherlands). It relies on tracking in real time the movement of the pattern of low level echoes from one dimensional A-scan images of blood within vessels or cardiac chambers. This is commonly referred to as "speckle tracking" or "time domain processing". To truly track the echo pattern of blood would require a two dimensional approach, and this also has been described,"3 whereas the commercial system (Philips) tracks the echo pattern along the beam axis only. Such a one dimensional system has a higher colour scan line density than is possible with conventional autocorrelator based colour Doppler; however. it also suffers from beam-velocity angle dependence, which a two dimensional tracking system theoretically does not. The two dimensional tracking system has been used to image flow in arteries: its use in the heart where there are high velocities and turbulent flow remains the subject of research. Tracking systems may also be of value in the study of tissue velocities within the myocardium.
The two colour flow methods above both provide images in which an estimate ofvelocity is made. In addition the power or energy of the Doppler signal may be displayed. This has been available on some ultrasound scanners for several years and has been used in research studies which have attempted to improve the assessment of high velocity jets associated with valve stenosis ' in the details of flow throughout the cardiac cycle. The use of power Doppler in cardiology has yet to be critically evaluated (fig 3) .
VECTOR DOPPLER TECHNIQUES
For the single beam Doppler systems described above the velocity information is related only to the component of velocity which is along the direction of the ultrasound beam. This leads to the dependence of the spectral Doppler velocity and of the colour flow mean velocity image on the angle between the beam and the flow direction. Errors can arise in the estimation of the maximum velocity of an intracardiac jet from a sonogram when the angle correction cannot be made. Visualisation of a jet is also difficult in a colour flow image when the jet flows at right angles to the beam.
To fully describe a velocity in magnitude and direction, a velocity vector is required. This vector consists of three components of velocity at right angles to each other. If the flow is confined to a single plane, however, two components are sufficient. There are systems for in-plane flow which attempt to produce angleindependent velocity measurements and colour images by measuring the components of the velocity vector. ' (fig 4) . These are added to produce an estimate of the velocity magnitude and direction in the scan plane. Figure 5 shows images taken using a rotating phantom. This consists of a disc of foam which is driven in a circular fashion at constant speed. The A series of assessments with moving tissue test-objects showed that motion of tissue type materials could be reliably imaged with these machine settings. Later proprietary software Figure 6 Grey shade pulse-echo image and corresponding Doppler tissue image (DTI).
was obtained which enabled the Doppler tisThe DTI depicts the Doppler velocity components and their direction relative to the sue imaging mode to be entered directly transducer.
(Acuson, USA). Examples of Doppler tissue images are presented in figures 6 and 7, like blood flow images, red colour-coding represents motion toward the transducer whereas blue denotes motion away. The Doppler M mode provides detailed temporal information on variations in velocity across the myocardium (fig 8) . A number of investigations are now underway on animals, normal volunteers, and patients to establish the value of this new technology."'6 Several features of the method point to it becoming a useful tool: * Velocities and velocity gradients within the myocardium can be measured rather than the overall motion normally studied with the established B and M mode techniques. * Information on tissue characterisation relating to the myocardium is contained in the ultrasonic frequency rather than the amplitude of the echo and is therefore much less prone than pulse-echo methods to distortion by tissue layers between the transducer and the heart muscle.
* Inert material which is not stretching or shrinking, as might be expected for infarcted tissue, has the same velocity component along each scan line. That is to say, in this situation each scan line has a particular colour depending on the velocity component for that line. Infarcted tissue therefore usually appears as a uniformly coloured region of low velocity. Material which is actively changing its shape shows a range of colours along each scan line that is, velocity gradients are detected. * Tissue boundaries need not be depicted sharply for velocity measurements to be made, as is the case when rate of change of wall thickness is being measured from an M mode scan. A number of laboratory studies have been carried out to assess the performance of the present system and to ensure that it could handle tissue type signals rather than those from blood. Blood produces a smaller range of echo amplitudes-that is, a smaller dynamic rangethan those from tissues. Tissue equivalent materials in the form of a rotating 10 cm diameter disc and oscillating slabs containing grooves of different size were used in these tests. It was shown that velocities could be measured reliably, as for blood flow, provided that the signal was not allowed to saturate by having the system sensitivity too high. The aliasing artifact was encountered at the expected velocities. The spatial resolution, determined by the minimum size of square groove which could be identified, was around 2-5 mm. This is poorer than desired but sufficient to allow clinical studies to proceed. A further check on performance was the comparison of velocity gradients in the myocardium measured by Doppler M mode and rate of change of wall thickness by pulse-echo M mode. Although these techniques do not measure the same quantity, there was good temporal agreement in the peaks of their values. 25 The present research is essentially being undertaken with machines which are a modification of those produced for blood flow imaging and are therefore first generation Doppler tissue imaging devices. In the future, improved spatial resolution and more complete imaging of the heart chamber walls, particularly the lateral walls, should be possible. The 
